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Abstract 
Hexamethyldisilaz.ane (HMDS) is commonly used to transfer trimethylsilyl 
(TMS) groups to silica surfaces. While studies have been done examining individual 
factors that influence the reaction, no investigations have reported how these factors 
affect each other. The factors examined in this study include temperature, presence of 
catalyst (butylamine), pretreatment, time, concentration, solvent, and presence of water in 
the solvent. The purpose ofthis study is to examine potential factors and two-way 
interactions to determine which significantly affect the yield and produce an optimum set 
of conditions. 
The HMDS reactions occurred in an organic solvent slurry under nitrogen. Using 
statistical experimental design, the factors under study were implemented at preset values 
for each reaction of the design. 
From this study, four factors and interactions were found to influence the 
silylation reaction. The only independent factor observed was the solvent chosen, 
showing TMS yields favoring cyclohexane>benzene>acetonitrile. Solvent showed the 
weakest influence on the reaction of all significant effects. The three significant 
interactions observed were catalyst-time, temperature-time, and temperature-
concentration. Catalyst-time favors reaction times of at least five hours or one hour in the 
presence of 50 µL butylamine. The temperature-time interaction prefers at least 5 hours 
or reaction times as short as 1 hour at higher temperatures. Temperature-concentration 
favors higher temperatures (>80 °C) to allow smaller concentrations ofHMDS/g silica to 
produce the same TMS yields as larger concentrations at room temperature. 
1 
Introduction 
Fumed silica is used and modified for several applications. Fumed silicas are 
used for rheological purposes, 1 in the production of latex2 and ceramics3, as fillers in 
plastics4 and silicone elastomers,5-6 and in making and enhancing biosensors.7"8 To 
obtain various surface properties with fumed silica, the surface is often treated with 
chlorosilanes or alkoxysilanes. This study investigates the reaction of 
hexamethyldisilazane on fumed silica (Figure I) to find the best experimental conditions 
to achieve the highest yield of methyl groups on the silica surface. 
Assuming appropriate variables are chose~ this study should determine which 
factors significantly control or affect the yield. This would be valuable information for 
the synthesis of materials with enhanced macroscopic properties for a variety of 
applications. The control of these properties has been desired by those in 
chromatography and other fields. 9 
Fumed Silica 
Fumed silica is synthesized by reaction of SiC4 with 02 in a flame. This technique 
produces fine, white Si02 clusters. Some clusters possess particle sizes of I 0-20 nm. 
The small size leads to high surface areas. 
Fumed silica, like other silicas, has siloxanes and three different silanols: isolated, 
vicinal, and geminal, 10 as shown in Figure 2. Isolated silanols are surrounded by 
siloxanes and are unable to hydrogen bond with other silanols. Vicinal silanols hydrogen 
bond with neighboring silanols, water, or other compounds that can undergo hydrogen 
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bonding interactions. Geminal silanols contain two hydroxide groups on a single silicon 
atom. 
Until recently, little has been known to differentiate the chemistry of fumed silica 
from its precipitated counterparts. Using 29Si CRAMPS and MAS NMR Liu and Maciel 
observed that 32% of the isolated surface silanols were unable to undergo exchange with 
D20. 11 This is important because in silica gel all surface silanols are accessible to 
deuterium exchange using D20. 
Silica is often pretreated. This is done by drying the silica to removed surface 
water. Between 300-800°C, the process also decreases the number of vicinal silanols by 
releasing water. 12 Silica can be rehydrated when dried at temperatures of 800°C or 
lower. 12 
Silylation 
Silylation reactions may be performed in a variety of ways: Sol-gel, aqueous 
solvent, organic solvent, self-assembled monolayers, and vapor phase reactions. 10 These 
reactions add organofunctional groups to the silica surface. Chlorosilanes or 
alkoxysilanes are often used as the reactant. 
The sol-gel process is achieved through a reaction of organofunctional 
alkoxysilanes with TEOS (tetraethoxysilane) solution. The sol-gel process is a bulk 
process and not considered a surface reaction. This does produce functionalized silica 
gels, but the surface morphology lacks control. This lack of control creates 
irreproducible surfaces. 
3 
Aqueous solvent processes, where the solvent is water or a water/organic mixture, 
are often used industrially. In the slurry, chlorosilanes or alkoxysilanes hydrolyze with 
water at their respective Si-X and Si-OR group (Figure 3). Surface silanol groups 
undergo hydrogen bonding interactions with the hydrolyzed silane molecules. Siloxane 
bonds form with the release of water (Figure 4). The covalent bond formation is not 
immediate. Silane coating layers consist of both chemisorbed and physisorbed 
molecules. Chemical stabilization requires a curing step. 
Organic solvent processes are similar to aqueous solvent reactions, except for 
being performed in a "dry," nonaqueous solution. In the nonaqueous environment, direct 
condensation should occur with surface silanols. Most alkoxysilane reactions require 
physisorbed water or an amine catalyst to be present. 
Self-Assembled Monolayers (SAMs) is also a liquid phase adsorption procedure. 
This technique is used on flat film surfaces. The substrate is dipped or immersed in a 
solution containing highly ordered films of large polar molecules. This is a well-
controlled procedure, but is only useful for flat surfaces. 
Vapor phase reactions are performed with volatile or gaseous compounds. The 
reactions can be performed either in an enclosed system controlling exposure by vapor 
pressure or by a flow of gas through the substrate. 
For this study, an organic solvent process will be used as the method. The 
organic solvent process allowed effective control of the factors to be studied and the 
reaction environment. 
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Hexametbyldisilazane (HMDS) 
Hexamethyldisilaz.ane reactions with silica surfaces have been used for many 
years. In general, HMDS functions like an alkoxysilane. However, HMDS does not 
require water to directly condense on the silica surface (Figure I), although HMDS will 
hydrolyze in the presence of water (Figure 5). This provides two separate routes for 
reacting with the surface. 
Factors to Consider 
While searching through the literature regarding previous reaction studies of silica 
with chlorosilanes and organosilanes, four factors emerged as the focus of interest: 
temperature, 11•12 catalysts, 13• 14 presence of water either in solvent15 or on the silica 
surface,16 and solvents of slurry reactions.8•17 While these were important, there were two 
other factors that were not as commonly observed as the focus of a study: time and 
concentration of reactants. 
Temperature contributes to kinetic properties in the system Slavov11 and Sudo12 
observed increases in silylation between 120-250°C for different silanes. In end-capping 
studies with HMDS, a decrease in carbon content were found to occur between 250-300 
°C. 12 Temperature can influence thermodynamic and kinetic behaviors through first and 
second laws of thermodynamics ( dU = TdS -PdV ). With the formation and change of 
bonds, the need for transition state is necessary. With these transition states, the 
Arrhenius equation( ln k = In A - Ea/RT) becomes involved with it's relationship to 
temperature and Ea being the energy needed by U for the transition to occur. 
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As for catalysts promoting the reactivity of alkoxysilanes, amines have shown the 
most promise in this area. Blitz13 studied catalysis of methoxymethylsilanes and found 
that amines with exchangeable hydrogen ions exhibited greater catalytic behavior than 
those without exchangeable hydrogen ions. HMDS possesses its own amine group and 
ammonia is evolved through the reaction process. While HMDS is known to react more 
quickly than many other alkoxysilanes, it is unknown if an initial catalyst would promote 
a rate increase. 
Water can influence the silylation reaction. The most likely sources from which 
water could enter the reaction are the surface of the silica or as a solvent impurity. 
Some of the water influence can be attributed to the physisorbed water on the 
silica surface. Consequently, silica is dried as pretreatment prior to use. This removes 
excess water on the surface. 
Solvents have been shown to influence the surface reactivity. Kinkel8 observed 
more pronounced nucleophilic behavior in aprotic polar solvents. Also solvents 
possessing both Lewis acid and Lewis base character were found to promote the reaction 
of chlorosilanes. HMDS could also be influenced by the Lewis acid/base properties of 
the solvent system. Lochmuller17 found HMDS to favor basic solvents; while its 
chlorosilane counterpart, TMCS, favored acidic and neutral solvents. 
Time and concentration are important kinetic factors. These factors were often 
neglected in previous studies. Time reveals the necessary duration of exposure between 
reactants. Concentration helps control availability of a reactant. From time and 
concentration studies the maximum loading on the silica surface for a given time of 
exposure can be detennined. 
6 
Hence, the factors of temperature, catalyst, pretreatment, time, concentration, 
solvent, and presence of water in solvent were found to potentially contribute to the 
surface yield ofTMS groups on the silica surface. Using the organic solvent process, this 
study will be conducted to examine these factors and their 2-way interactions with each 
other. 
7 
Statistics 
Traditional Design 
When traditional methods of studying a system are employed, one condition (i.e. 
temperature, concentration, solvent) is changed and a final result is quantified to 
determine how the change affects the system. Let us assume that we want to study a 
reaction observing how changes in temperature (T), solvent (S), and a catalyst (C), affect 
the system. 
For an initial study, suppose two temperatures, solvents, and catalyst were chosen: 
t1 , ti, Si, s2, c,, and c2, respectively. One would set up six reactions with 3 or 4 replicates 
for the comparison oft, with ti, s1 with s2, and c, with ei. If four replicates were used, the 
study would consist of24 reactions. One would be able to compare the relationship 
between the two temperatures, the two solvents and the two catalysts. 
This is a reasonable means of finding experimental results, but there is an 
alternative for getting more information with fewer reactions. 
Factorial Design 
Let us call the condition being changed a factor. Each factor can have a given 
number of observed values, i.e. temperature (T) at t1 and ti. Let us call t1and tithe levels 
ofT. Ifwe were to combine all levels ofT, S, and C; a matrix would be created showing 
the eight individual conditions possible between the levels, as shown in Figure 6. 
Factorial Design allows one to study a structured combination of factors at a 
chosen number of levels. These factors may have levels that are either qualitative or 
quantitative. The primary advantage of a factorial design over looking at one factor at a 
8 
Figure 6. 3D representations of main effects and interactions for a 23 factorial design. 
Main Effects 
T s 
2-factor interactions 
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3-factor Interaction 
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time is that factorial design allows detection of interactions between factors. This 
enhances the understanding of the system and minimizes errors in conclusions due to not 
taking these interactions into account. 
Interactions are effects ofbehavior from combinations of factors. Interactions are 
referred to as being lower or higher with respect to the number of factors in the 
interaction: i.e. a 3-factor interaction is higher than a 2-factor interaction. 
The ability to examine factors and their interactions makes this an effective means 
to discover what factors contribute significantly to the observed response. This ability 
makes factorial design an effective screening design. A screening design is an 
experiment with a set of reactions to "screen" or "filter" factors to remove insignificant 
factors and to identify which factors or interactions need to be studied specifically. 
Fractional Factorial Design 
When factorial matrices become larger, the replicate values of main effects and 
lower order interactions increase drastically. The main effect levels of a 2 7 matrix would 
have 64 replicates each. Similarly, 2-way interactions have 32 replicates for each 
combination. 
Often in the physical sciences, 4-way and higher interactions are insignificant. 
Significant 3-way interactions can often be ignored in screening designs due to their 
rarity. These high order interactions are typically weaker than 2-factor interactions. 
Since excess replicates are obtained and high order interactions are often 
insignificant, an alternative is available to creating a full matrix. One can confound, or 
equate, higher order interactions with each other and lower order interactions. This 
9 
reduces the number of runs, or conditions, needed to study the matrix; meaning fewer 
reactions. There is a consequence of equating two or more interactions. One does not 
know for certain which interaction is significant. Typically, unconfounded main effects 
can allow insight into which interactions are probably significant. However, subsequent 
reactions or experiments are necessary to identify which interaction is significant. 
The resolution of a design is determined by the extent to which the matrix has 
been confounded. If a matrix is of resolution III, the main factors are unconfounded with 
each other, but are confounded with all interactions. A resolution IV matrix leaves the 
main effects unconfounded with 2-way interactions; however, 2-way interactions are 
confounded with each other. A resolution V design has all main effects and 2-way 
interactions completely independent of each other. 
To illustrate confounding, Table 1 lists a 24•1 half fractional factorial design with a 
resolution ofIV. In this design, the three-way interaction of AxBxC = D. Multiplying 
the +/- values of the factors A, B, and C generated the values of D. Upon further 
inspection, the confounding can be found in more detail including AxB=CxD, 
AxD=BxC, and others. 
Method of Analysis proposed by Box, Hunter, and Hunter 
Since the design used has two levels for each factor, define one level (i.e. t i, s1 , 
c1) as -1 and the other (i.e. ti, s2, and c2) as + 1. To determine the signs for the conditions 
of2-way interactions, multiply the signs of the conditions together. For example, the 
condition where factor A is ( + 1) and factor B is (-1) produces a condition of factor AB 
being (-1). 
10 
Table 1. Example 24- 1 half fractional factorial design 
A B c D 
- - - -
+ - - + 
- + - + 
+ + - -
- .- + + 
+ - + -
- + + -
+ + + + 
Once a table is generated for all factors and interactions with degrees of freedom, 
the variance of each effect of interaction can be calculated by the following equation 
[ (L ~+1 ))/Nc+1)- (L ~-1))/Nc-•> ], where X is a given measured value of(+ I) or (-1) and N 
is the total number of values of(+l) or (-1). Using the Table 2 for an example, X terms 
of+ 1 of the temperature are summed up by adding the explicit measured values(% 
carbon values) and then divided by the number of+ I terms of the temperature for the 
average of the +l terms: (2.91 +2.29 + 2.88 + 2.46 + 3.14 + 3.05 + 2.60 + 3.30) I 8 = 
2.83 . The same is done for the - 1 terms: (1.42 + 1.84 + 1.82 + 2.69 + 2.66 + 2.74 + 2.83 
+ 2.46) I 8 = 2.31 . The mean of - 1 is then subtracted from the mean of+ 1 to find the 
difference (variance) : 2.83 - 2.31 = 0.52. 
The variance of factors and interactions are arranged from the smallest to the 
largest. These values are then correlated to a normal probability plot using the function: 
Pi = 1 OO(i-0.5)/m for i = 1,2, ... ,m for the number of factors and interactions with degrees 
of freedom. When these points are plotted on a graph, it produces plots exhibiting 
properties between a straight line and a sigma curve, as shown in Figure 7 and Figure 8. 
Figure 7 exhibits the straight line produced by values with a normal distribution from 
equalJy random values. Figure 8 was created with the weighted distribution of two 6-
sided dice. The sigma curve displays which values stand as being outside the normality 
of an equally distributed system. A straight line, as in Figure 7, is drawn for the values 
fitting the normal distribution. For Figure 8, one could establish that the value 8 is the 
norm, creating a vertical line and everything else is outside the normal distribution. 
11 
Table 2. Table of Temperature level values with respect to % Carbon values 
Temperature 0/o Carbon 
+ 2.91 
1.42 
+ 2.29 
+ 2.88 
1.84 
+ 2.46 
+ 3.14 
+ 3.05 
1.82 
2.69 
2.66 
2.74 
+ 2.60 
+ 3.30 
2.83 
2.46 
Figure 7. Random unweighted distribution example 
Rlndom 0-100(even distribution) 
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Figure 8. Weighted random distribution produced by 2 6-sided dice 
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2 4 6 8 10 12 
However, error can be accounted for by adjusting the angle of the slope to closer fit 
values near 8. Values that deviate from the line are considered significant. 
ANOVA (Analysis of Variance) 
ANOV A is a statistical method of determining the variance and significance 
between levels. An ANOV A table is shown in Appendices B and C. 
The first statistics calculated are the Sums of Squares and Mean Squares for each 
factor. This is discussed further in Appendix A. 
To determine which factors and interactions have significance, an F-ratio is 
calculated and compared by the F-test. The mean square of the error is taken to represent 
the error within the matrix. Because of the sums of squares, all terms have positive 
measures of noise. The mean square of main effects and interactions are divided by the 
mean square of the error. This sets up a ratio of the variance between levels of a factor or 
interaction with respect to the natural noise of the process observed in the matrix (Fx = 
MSx I MSError). 
If the F-ratio is less than or equal to one, that effect or interaction is assumed error 
because the measured "noise" is less than the error of the matrix. When an effect is 
recognized as having a response less than the error, the sums of squares for that effect or 
interaction can be included in the error term. This enhances the sensitivity of 
determining significance by decreasing the value of the MSError term. 
The F-test is closely related to the T-test. AT-test compares values with respect 
to a Gaussian curve. When a T-test is set up for a confidence of95%, two "tails" of2.5% 
error are on each end. Because the sum of squares produces positive values, a normal 
12 
distribution takes the form shown in Figure 9. This produces for a 95% confidence level, 
a single "tail" of 5% error (a). The F-test determines which factors have created variance 
that exceeds the 95% confidence level. The factors that show deviance in the 5% error 
area are more likely to be significant effects that either increase or decrease the measured 
response. In the strictest sense according to statistic books, what the alpha of 5% means 
is that there is a 5% probability that the occurance of this phenomena is purely random. 
13 

Experimental Section 
Preparation 
The materials for the experiment were prepared in the following manner. 
Benzene (Mallickrodt ), toluene (Mallinckrodt), cyclo hexane (Mallinckrodt), m-X y lene 
(Aldrich), acetonitrile (Aldrich), nonane (Aldrich), decane (Aldrich), HMDS (Lancaster 
Synthesis), and butylamine (Eastman Kodak) were distilled under N2. Distilled solvents 
are assumed to be fre.e of water. For the wet portions of cyclohexane and benzene, a drop 
of deionized water was added to each and thoroughly mixed in a 250 mL volumetric 
flask. For wet portions of acetonitrile, 0.4ml of water was mixed with 40.0 mL of 
acetonitrile before adding to the reaction flask. The Cab-0-Sil HS-5 Silica (Cabot Corp.) 
was prepared by filling a 3L flask approximately one third full of silica. The flask was 
heated under vacuum for two hours at 200 °C. Half of the silica was placed in ajar and 
stored in a dry desiccator. The other half was put in a crystallization dish inside a 
desiccator containing a solution ofH2SOJH20 (48ml of98% pure H2S04 I 100 ml of 
solution). The sulfuric acid solution produces an approximate 50% humidity atmosphere. 
Experimental Procedure 
The apparatus was assembled by placing a round bottom flask under nitrogen and 
the reaction flasks used at temperatures above room temperature were fitted with 
condensers. This allowed room temperature reactions and the reflux reactions to be 
performed under nitrogen. 
The procedure for a reaction was as follows: the appropriate pretreated silica 
(0.500 g) was placed in a I 00 ml round bottom flask. The desired solvent ( 40 mL) was 
then added. If a catalyst was employed, butylamine (50 µL) was added. The appropriate 
14 
amount ofHMDS was added before placing the flask in the apparatus. The reactants 
were allowed to react for the allotted time. 
When the reaction time was completed, the flask was removed and the product 
was filtered in a Buchner funnel. The product was rinsed three times with 12 mL of 
solvent. The collected product was returned to the flask. The flask was then dried under 
vacuum at 200°C for an hour. The product was placed in vials and stored in a dessicator. 
Infra-red spectra collection 
A Perkin-Elmer Spectrum 2000 FTIR with a liquid nitrogen cooled MCT detector 
was used along with Perkin-Elmer software for spectrum collection and analysis. 
Half of a wire mesh was placed on a glass square. Half a microspatula portion of 
HMDS reacted silica was removed from the vial and placed on top of the wire mesh. The 
sample was pressed into the wire mesh with a spatula. The wire mesh was placed in a 
magnetic sample holder allowing the smashed sample to be seen in the opening of the 
holder. The sample was placed in the IR bench. Each spectrum consisted of 64 scans at 
a resolution of 4 cm·1• Scans with absorbance less than one absorbance unit 
(transmittance greater than 10%) were selected for use. Five to eight spectra were 
collected for each sample. The methyl peak (2992.41 - 2926.92 cm"1) and the Siloxane 
peak (1927.39 - 1950.77 cm-1) were integrated. The absorbance of the area of the methyl 
peak was then divided by the absorbance of the area of the siloxane peak to produce a 
quantitative ratio. Averages of the quantitative ratios were taken of each sample. Percent 
carbon values based on combustion analytical data were attained from Galbraith 
Laboratory (Knoxville,TN) (Table 3). Using a linear correlation (Figure 12), the ratio 
15 
was converted to its percent carbon value. The percent carbon values were analyzed 
manually with the method proposed by Box and Hunter and by ANOV A GLM using 
NCSS 6.0, a statistical software package. 
16 
Results and Discussion 
IR Spectra of Silica 
Bare silica exhibits a sharp isolated silanol peak at 3745 cm-1 and a broad 
hydroxyl peak at 3400 cm-1 (Figure 10). There is also a siloxane peak at 1860 cm·1• 
These are the prominent features in the IR spectrum of the silica surface. When silica 
was reacted with HMDS, C-H peaks (stretching - 2950 cm-1, bending - 1500 cm-1) 
became evident with the decrease of isolated silanols. The siloxane peak was used as an 
internal standard to measure other peaks within a given sample. This can be done by 
establishing a ratio between the band area of the studied peak with respect to the band 
area of the siloxane peak. Since a quantitative method of measuring carbon was desired, 
the methyl peak (2992.41 cm-1 -2926.92 cm-1) was set in ratio with respect to the siloxane 
peak (1927.39 cm·1 -1750.77 cm-1) in the infrared spectrum (Figure 11). 
FTIR Calibration 
Since absorbance readings were kept to less than 1.0 A (~:10 % transmittance), 
Beer' s law was applied in making a linear correlation between the band area ratio and 
percent carbon measurements. With Beer's Law, absorbance equals a constant multiplied 
by the length of the sample and concentration of the sample, i.e. A = klc. Using the band 
area ratio, the lengths are the same for a given spectrum. This leaves the ability to set the 
absorbance equal to a constant multiplied by the band area ratio, A = k (ratio). 
Consequently, a linear correlation can be formed between the band area ratio and the 
percent carbon of the methyl groups. 
Samples containing various band area ratios were analyzed for their percent 
carbon values by combustion analysis by Galbraith Laboratory (Knoxville, TN) (Table 
17 
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3). The band area ratio and percent carbon values from Table 3 were plotted to obtain a 
calibration line, as shown in Figure 12. The adjustment was made by subtracting the 0.28 
% carbon that Galbraith obtained on a blank sample. 
Rinsing and beating details 
In the original experimental design, rinsing was not performed. An assumption 
had been made that cyclohexane and benzene evaporated rapidly from the sample when 
placed under vacuum and in a sandbath at 200°C. Consequently, it was uncertain how 
much of the HMDS remained on the surface (and possibly reacted under vacuum in 
drying). To see if the lack of a rinse influenced the product, reactions 3 and 14 of the 
benzene-cyclohexane experimental design (Table 4) were compared with and without 
rinsing to determine if there was a significant difference. The resulting values were 
within experimental error. 
Initial addition vs. Injection 
There was also uncertainty whether adding the silane prior to heating verses silane 
injection at reflux temperature would influence the reaction. The fractional factorial 
design was performed adding the silane before heating. In later studies at higher 
temperatures, the silane was not added until the solution had reached the desired 
temperature. With higher boiling solvents, there was a concern that some silane might 
evaporate before the condenser could be reattached to the flask. To address these issues, 
a verification reaction was conducted by adding the silane prior to heating. The 
18 
Table 3. Table of Band Area Ratios and Percent Carbon Data 
Table of BA Ratios and %Carbon Data 
%Carbon BA Ratio 
(adjusted) 
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verification reaction is the reaction performed under the optimized conditions based on 
the overall study to check if the desired result is obtained. 
The verification reactions were performed at 151°C in dry nonane with 50 µL 
butylamine. HMDS (9.92 mmol HMDS/ g Silica) reacted on O.Sg of dry Cab-o-Sil for 1 
hour. A comparison of the two methods showed that the band-area ratios were within 
experimental error (Table 5). 
Factor Study 
Seven different factors were identified as having a potential role in the reaction: 
temperature, presence of catalyst, pretreatment of silica, time of reactio~ concentration 
ratio of silane to silica, solvent type, and the presence of water in the solvent. 
Traditionally, these factors are studied individually. However, the ability to consider the 
interaction of factors with each other was also desirable, but unattainable through the 
traditional method. Consequently, a factorial design was needed to determine these 
interactions. 
The weakness of using a full factorial design is that 128 reactions are needed in 
the full design with 7 factors. The full design provides excess information. Interactions of 
4-way and above are typically undetectable; and 3-way interactions are rare in the hard 
sciences. Hence, a fractional factorial design was chosen to reduce the matrix size and 
confound, or equate, the degrees of freedom ofhigher interactions with those of main 
effects and 2-factor interactions. 
Since this design was an initial test to see if such interactions were present, a large 
matrix was not desired. Performing either 16 or 32 reactions seemed reasonable for an 
19 
Ta
bl
e 
5. 
Co
m
pa
ris
on
 o
fl
nje
cti
on
 at
 T
em
pe
ra
tu
re
 v
s.
 A
dd
iti
on
 P
rio
r t
o 
H
ea
tin
g 
Ba
nd
-a
re
a 
st
d.
 d
ev
ia
tio
n 
0 /o
 C
ar
bo
n 
st
d.
 d
ev
ia
tio
n 
Ra
tio
 
(B
A 
R
at
io
) 
(0 /
o
 C
ar
bo
n) 
in
jec
ted
 at
 
1.
05
 
0.
03
 
2.
92
 
0.
06
 
te
m
pe
ra
tu
re
 
a
dd
ed
 p
rio
r t
o 
1.
02
 
0.
03
 
2.
84
 
0.
06
 
he
at
in
g 
initial study. For the matrix containing 7 factors, both the 16 and 32 reaction matrix 
provided a resolution IV design. This left all the main effects independent of2-factor 
interactions; however, 2-factor interactions were confounded, or equated, with each other. 
Since additional reactions could be performed to resolve ambiguities, the 16-reaction 
matrix, Table 6, was the most practical. 
The percent carbon data of these 16 reactions are presented in Table 7. Looking 
at the normal probability plot (Figure 13) and the ANOVA table (Table 8), it is quite 
apparent that significant interactions exist. The order of effects from greatest to least 
confidence level based on probability from the F-test is as follows: Catalyst-Time 
(99.2%), Temperature-Time (98.9%), Temperature-Concentration (95.8%), and Solvent 
(95.3%). The accepted confidence level for rejecting effects is typically between 90% 
and 95%. The conclusions of Box, Hunter, & Hunter and ANOV A methods were in 
agreement. The main effects that were significant, except for solvent, were discarded; 
each is involved with a two-factor interaction. However, the significance of main effects 
was used to indicate which of the equated two factor interactions were more likely to be 
significant. 
Catalyst-Time Interaction 
Looking at the catalyst-time interaction (Figure 14), long reaction times with or 
without catalyst and short reactions times with catalyst produced the highest yields within 
experimental error. One would conclude that if shorter reaction times were desired a 
catalyst would be beneficial. However, if longer reaction times are used, the catalyst is of 
little interest. 
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To verify the conclusions of the fractional factorial design, reactions were 
performed using m-xylene at reflux and with 9.92 mmol HMDS/g of silica. Since the 
presence of catalyst can only have two values of yes or no, the same conditions were 
established for the catalyst and time variables of the screen design. The results (Table 9, 
Figure 15a and 15b) reflected similar results to that of the original design. Either the time 
needs to be longer or 1 hour with a catalyst are the optimized conditions. 
Temperature-time experiment 
With temperature-time (Figure 16), short and long times approach similar yields 
at higher temperatures. This trend would suggest that as one increases temperature either 
reaction time will have less of an effect or the shorter time may produce a higher surface 
yield than longer time. The decrease of the significance of time at high temperature 
would be chemically expected for kinetic reasons. The effect of short reaction times at 
high temperatures being more favorable than long reaction times at high temperature 
would display the consequences of decomposing a product, which would not be expected 
in the observed conditions. 
With this design indicating higher temperatures lead to larger yields, a new 
solvent was needed. As solvents having higher boiling points were needed, there was 
concern of running into the limitation of having difficulty removing the solvent from the 
sample. The lack of equipment to perform these reactions under increased pressure 
prevented the use of solvents, i.e. cyclohexane and benzene, that boil at lower than 
desired temperatures at atmospheric pressure. 
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m-Xylene was used for initial tests of the temperature-time effect increasing the 
lower temperature to 88°C and higher temperature to 128°C. The times of 1 and 5 hours 
were maintained. An additional point of l 08°C and 3 hours was performed to give a 
slight insight into the curvature. Both the 88°C for five hours and 128°C for one hour 
showed promise and the results were within experimental error of each other based on the 
original band area ratios (Table 10, Figure 17). A reaction at 138°C, at reflux of m-
Xylene, for 1 hour was performed to continue along the temperature axis. Produced the 
same results within experimental error as the reaction performed at 128°C. Since m-
Xylene is aromatic, it seemed reasonable to examine a non-aromatic hydrocarbon 
solvent. This could provide an increase of about 0.07-0.10 % carbon based on the 
variance seen between benzene and cyclohexane in the :fractional factorial design. Since 
the lack of increase in the percent carbon yield from m-Xylene was unexpected, nonane 
was used at its reflux temperature of 151°C for one hour. The result gave a yield increase 
greater than 0.50 percent carbon compared to the m-Xylene results. Consequently, even 
higher temperatures may be desirable with other solvents. However, the yield at high 
temperatures for short times equates to the yield at a low temperature for 5 hours. As for 
efficiency, the reaction performed for one hour at 151°C in nonane would be much faster. 
Temperature -Concentration Study 
Temperature-concentration (Figure 18a, 18b) exhibits a similar trend to 
temperature-time. At higher temperatures, concentration seems to be of less importance. 
This would imply that HMDS more readily reacts with an active site at higher 
temperatures than lower temperatures, allowing lower concentrations to obtain equal 
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coverage. The temperature-concentration interaction is also related to classic kinetic 
behavior. The larger the concentration of reactant the more quickly it will react with a 
given site. 
The maximum temperature for the reaction studied was 151°C. Since the 
temperature-time interaction was more significant in effect than the temperature-
concentration interaction, the temperature was held constant at the highest reflux 
conditions for the solvent. Since solvent is not directly related to this study, the more 
readily available m-xylene was used. This seemed reasonable since the solvent effect 
wasn't as dominant as many others and the difference of- 10°C was not expected to 
exhibit a tremendous change in the behavior of the concentration of silane preferred. 
The reaction was performed at reflux (138°C) for an hour without catalyst and 
adjusting the concentration of the silane with respect to the silica (Table 11 I Figure 19). 
This study revealed a range through which the increase is strongly dependent on a change 
in concentration between 6.45 mmol HMDS/g silica and 9.92 mmol HMDS/g silica. 
The minimum concentration ofhexamethyldisilazane at 138°C for producing the 
largest yield was 9.92 mmol HMDS I g silica. Above this concentration, no increase in 
yield is observed. 
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Solvent Effect 
The solvent effect, as shown in Figure 20, reveals that cyclohexane is favored 
over benzene. Two possible reasons for this variance are the aromaticity of benzene or 
the preference ofHMDS to react in basic solutions. To what extent either case may 
contribute is beyond the intended scope ofthis study. 
After performing the benzene-cyclohexane design, interest in the effect of more 
water and a more polar solvent became of interest. Half of the matrix, the benzene 
reactions, were repeated using acetonitrile as the solvent (Tables 6, 7). The first quality 
that must be considered is that the wet acetonitrile is loaded with more water than the 
cyclohexane. The solvent-(water in solvent) interaction was confounded with the 
temperature-catalyst interaction. However, the temperature-catalyst interaction was not 
observed as significant in the benzene-cyclohexane design, but may be contributing to the 
observed effect. 
The first result is that dry acetonitrile exhibits similar surface loading as benzene 
and cyclohexane. However, the hydrophilicity of acetonitrile is a deficit as the amount of 
water in the solvent plays a significant effect in reducing the yield (Table 12). 
Verification Tests 
The reactions were then performed at the experimentally optimized conditions in 
umon. This is a typical final test in factorial design to double check the results and look 
at them as a whole. 
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The reaction was performed with dry silica in dry nonane. Butylamine and 9.92 
mmol HMDS/g silica were added to the flask to react for 1 hour. This was performed 
twice the first time adding the catalyst and HMDS after and then before heating to reflux. 
The results of both cases (Table 13) are within error and are within the statistical 
error of the catalyst-time interaction. The catalyst-time reactions had been performed 
with all optimized conditions except the solvent and a temperature difference increase of 
I 0°C. If any interaction is going to be unobserved, the solvent effect is the most likely 
since it was the weakest of all effects and interactions observed in the factorial design. 
Surface Yields with respect to Surface Silanols 
In recent studies, HS-5 has been shown to have a silanol surface concentration of 
approximately 2.8 SiOH/nm2 • 10 This would correspond to a silanol population of 4.6 
µmol/m2 • Since only 65-70% of the surface silanols responds to deuterium exchange 
with D20, a speculative maximum possible would be 2.99-3.22 µmol/m2. 
Of these studies, reactions with the highest yields ranged from 2.85-3.14 percent 
carbon. Since HS-5 has a surface area of325 m2/g, it is possible to calculate the 
concentration oftrimethylsilyl (TMS) groups. Consequently, yields are calculated to be 
2.43-2.68 µmol/m2, which is 52.8-58.3 % of all silanols present and 75.5-89.6 % of those 
that exchanged with D20. Since HMDS is larger than D20, HMDS may be inaccessible 
to some hydroxyl groups available to 0 20. Another possible limitation of HMDS with 
respect to the number of available hydroxyl groups exists. The trimethylsilyl groups are 
bulky. Using van der Waals radii, the area of a trimethylsilyl group is approximately 
0.65 nm2. As a result, vicinal silanols may not be accessible. 
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Conclusion 
The purpose of this study was to examine the reaction of HMDS with the fumed 
silica surface of Cab-0-Sil to determine what factors influence the reaction and determine 
the conditions to maximize trimethylsilylation on the silica surface. While more refining 
of the process could be done, the results of the study appear reasonable. 
One factor and three interactions were found to influence the reaction ofHMDS 
with the fumed silica surface. Solvent was found to be the only main effect without 
interactions. The three two-factor interactions were temperature-time, catalyst-time, and 
temperature-concentration. 
Solvent was found to have little influence under dry conditions. There was some 
exhibited preference of cyclohexane over benzene and acetonitrile. This preference is not 
understood and was borderline in significance. This condition needs more study for 
certainty. The calculations point to the possibility that the presence of water in 
hydrophilic solvents is unfavorable, as explained with acetonitrile. However, neither the 
presence of water in solvent nor pretreatment had a detectable influence on the reaction in 
a hydrophobic solvent. An alternative reason for the solvent response may lie in acidity 
and basicity, since HMDS prefers basic solutions. 
The temperature-time interaction was the most pronounced of all significant main 
effects and interactions. Maximum values appear to be found more quickly increasing 
either temperature or time individually instead of increasing both in combination. 
Consequently, two maxima could be found. For those who need lower temperatures than 
148 C, reaction times of 5 hours or more are necessary. For those who desire time 
26 
efficient reactions, the reaction should be performed at l 48°C or higher. This study was 
unable to determine the true maxima in regard to temperature due to inability to remove 
solvents with higher boiling points than nonane. 
Catalyst-time was also a prominent interaction. Longer reaction times do not 
require a catalyst to reach comparable yields oftrimethylsilyl groups. Butylarnine is an 
effective catalyst for the HMDS reaction with the silica surface. Speculating, butylarnine 
may aid as an active catalyst by being present before ammonia is produced in the 
reaction. Butylamine is also more reactive than ammonia with the carbon chain allowing 
more electron density to be shifted toward the amine. 
The temperature-concentration interaction appears to be significant. This 
interaction could certainly use more study at higher temperatures. At higher temperatures 
the added silane may only need to be slightly larger than the desired stoichiometric 
amount. Lower temperatures require higher concentrations of silane to attain increased 
surface yields. 
The yields attained were far lower than the total number of silanols. However, as 
previously mentioned, 32% of the silanols are not available to deuterium excbange. 10 
The maximum extent ofreaction of trimethylsilyl groups in this study was 53-58 % of all 
silanols. Further study will be needed to determine the maximum surface loading of 
TMS groups possible. 
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. Appendix A 
First the Total Sum of Squares (SS) is calculated for the values collected. Then 
the Sums of Squares are calculated for each main effect and interaction. The error of the 
sums of squares is calculated by subtracting the sums of squares for main effects and 
interactions from the total sums of squares. The equations are given below for calculating 
the sums of squares. In matrix designs, a letter often defines each main effect. The letter 
S usually represents the error term. 
SS = (AB11)2 + (AB12)2 + + (ABpg)2 - SS - SS - (L Yi)~ 
AB IlAB IlAB . .. IlAB A B n 
11 12 pq 
SSError = SSTotal - SS A - SSB - SSAB -
The Sums of Squares for a main effect (SSA) is calculated with the second 
equation listed above. The symbol (A) represents percent carbon data for a given factor 
where i is the level(+ or-). The symbol (nA) represents the number of values summed 
for the factor at a given level. 
The Sums of Squares for a two-factor interaction (SSAB) is calculated by adding 
the average of squares of two-factor levels where the subscript 1 equals(-) and I equals 
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(+)for a 2-level design. The symbol AB11 represents the percent carbon values where A 
is(-) and Bis(-). AB11 would represent the percent carbon values where A is(+) and B 
is (-). Other than the subtraction of all main effects, this equation behaves the same as 
SSError is calculated by subtracting all Sums of Squares of all effects from SSTomt· 
The Mean squares (MS) are calculated by dividing the Sums of Squares by the 
degrees of freedom available for each factor. The total degrees of freedom are calculated 
by taking the total number of conditions observed and subtracting it by one. Degrees of 
freedom for main effects are calculated by subtracting the number of levels for a given 
factor by 1. For 2-way interactions the degrees of freedom of the contributing factors are 
multiplied together. 
MSA = SSA 
tA -1 
SSAB 
MSAB= 
(.tA -1) (4 -1) 
MSError = 
The additional symbols that need explained to understand the calculation of Mean 
Squares (MS) for main effects, two factor interactions, and the error are as follows. The 
symbol (4) equals the number oflevels for factor A. The dfTotaJ equals one less than the 
total number of reactions performed in the design, sometimes called the adjusted total of 
29 
degrees of freedom. Also df&ror equals the degrees of freedom used in Mean Square 
calculations of main effects and 2-factor effects from df Total· 
These equations are taken from Statistics for Psychology by Mendenhall, 
McClave, and Ramey. For more information, consult other statistical texts. 
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Appendix B 
This report is for analysis of the cyclohexane/benzene :fractional factorial design. 
The results of this report were calculated and presented with NCSS 6.0. Two factors not 
labeled in the tables are as follows: C- pretreatment and G- Water in Solvent. 
Page 
Database 
Time/Date 
Response 
Analysis of Variance Report 
1 
E:\NCSS60\REPORTS\E40%C.SO 
13:17:52 06-17-1998 
% Carbon 
Expected Mean Squares Section 
Source Term Denominator Expected 
Term OF Fixed? Term Mean Square 
A (Temperature) 1 Yes S(ABCDEFG) S+bcdefgsA 
B (Catalyst) 1 Yes S(ABCDEFG) S+acdefgsB 
AB 1 Yes S(ABCDEFG) S+cdefgsAB 
AC 1 Yes S(ABCDEFG) S+bdefgsAC 
D (Time) 1 Yes S(ABCDEFG) S+abcefgsD 
AD 1 Yes S(ABCDEFG) S+bcefgsAD 
BO 1 Yes S(ABCDEFG) S+acefgsBD 
E (Concentration) 1 Yes S(ABCDEFG) S+abcdfgsE 
AE 1 Yes S(ABCDEFG) S+bcdfgsAE 
F (Solvent) 1 Yes S(ABCDEFG) S+abcdegsF 
AG 1 Yes S(ABCDEFG) S+bcdefsAG 
S(ABCDEFG) 4 No S 
Note: Expected Mean Squares are for the balanced cell-frequency case. 
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Analysis of Variance Report 
Page 
Database 
Time/Date 
Response 
2 
E:\NCSS60\REPORTS\E4D%C.SO 
13:17:52 06-17-1998 
% Carbon 
Analysis of Variance Table 
Source Sum of 
Term OF Squares 
A (Temperature) 1 1.086806 
B (Catalyst) 1 0.4455563 
AB 1 0.02975625 
AC 1 0.09150625 
D (Time) 1 0.4726563 
AD 1 0.4935063 
BD 1 0.5587562 
E (Concentration) 1 0.1350563 
AE 1 0.2139062 
F (Solvent) 1 0.1958062 
AG 1 0.06630625 
s 4 0.097575 
Total (Adjusted) 15 3.887194 
Total 16 
*Term significant at alpha= 0.05 
Means and Standard Error Section 
Term Count 
All 16 
A: Temperature 
25 8 
81 8 
B: Catalyst 
no 8 
yes 8 
D: Time 
1 8 
5 8 
E: Concentration 
2.5 8 
25 8 
F: Solvent 
benzene 8 
cyclohexane 8 
AB: Temperature, Catalyst 
25,no 4 
25,yes 4 
81 ,no 4 
81 ,yes 4 
AC: Temperature,Pretreat 
25,dry 4 
25,wet 4 
81 ,dry 4 
81 ,wet 4 
AD: Temperature, Time 
25,1 4 
25,5 4 
81 ,1 4 
Prob Mean 
Square 
1.086806 
0.4455563 
0.02975625 
0.09150625 
0.4726563 
0.4935063 
0.5587562 
0.1350563 
0.2139062 
0.1958062 
0.06630625 
0.02439375 
F-Ratio Level 
44.55 0.002619* 
18.27 0.012911* 
1.22 0.331360 
3.75 0.124835 
19.38 0.011675* 
20.23 0.010840* 
22.91 0.008737* 
5.54 0.078260 
8.77 0.041504* 
8.03 0.047193* 
2.72 0.174557 
Standard 
Mean Error 
2.545625 
2.285 5.521973E-02 
2.80625 5.521973E-02 
2.37875 5.521973E-02 
2.7125 5.521973E-02 
2.37375 5.521973E-02 
2.7175 5.521973E-02 
2.45375 5.521973E-02 
2.6375 5.521973E-02 
2.435 5.521973E-02 
2.65625 5.521973E-02 
2.075 7.809249E-02 
2.495 7.809249E-02 
2.6825 7.809249E-02 
2.93 7.809249E-02 
2.209375 7.809249E-02 
2.360625 7.809249E-02 
2.881875 7.809249E-02 
2.730625 7.809249E-02 
1.9375 7.809249E-02 
2.6325 7.809249E-02 
2.81 7. 809249E-02 
Power 
(Alpha=0.05) 
0.857410 
0.511160 
0.082800 
0.151973 
0.533749 
0.550586 
0.600250 
0.200761 
0.287163 
0.267648 
0.123659 
32 
81 ,5 4 2.8025 7.809249E-02 
BO: Catalyst.Time 
no,1 4 2.02 7.809249E-02 
no,5 4 2.7375 7.809249E-02 
yes,1 4 2.7275 7.809249E-02 
yes,5 4 2.6975 7.809249E-02 
AE: Temperature, Concentration 
25,2.5 4 2.on5 7.809249E-02 
25,25 4 2.4925 7.809249E-02 
81 ,2.5 4 2.83 7.809249E-02 
81 ,25 4 2.7825 7.809249E-02 
AG: Temperature, H20/Solvent 
25,dry 4 2.220625 7.809249E-02 
25,wet 4 2.349375 7.809249E-02 
81,dry 4 2.870625 7.809249E-02 
81 ,wet 4 2.741875 7.809249E-02 
33 
Page 
Database 
Time/Date 
Response 
Plots Section 
"' ..; 
... 
N 
i ~ u ... 
'if'. 
~ 
0 
-
"' ..; 
"' N 
c ~ 
• 
~ 
u N 
'if'. 
~ 
0 
-
"' ..; 
~ 
~ 
::l .. () 
'if'. 
~ 
0 
-
Analysis of Variance Report 
3 
E:\NCSS60\REPORTS\E4D%C.SO 
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Appendix C 
This report is for the fractional factorial design of acetonitrile and 
cyclohexane. This report was calculated and composed by NCSS 6.0. 
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E:\NCSS60\REPORTS\E4D%CA.SO 
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% Carbon 
Expected Mean Squares Section 
Source Term Denominator Expected 
Term OF Fixed? Term Mean Square 
A (Temperature) 1 Yes S(ABCDEFG) S+bcdefgsA 
B (Catalyst) 1 Yes S(ABCDEFG) S+acdefgsB 
AB 1 Yes S(ABCDEFG) S+cdefgsAB 
C (Pretreat) 1 Yes S(ABCDEFG) S+abdefgsC 
AC 1 Yes S(ABCDEFG) S+bdefgsAC 
D (Time) 1 Yes S(ABCDEFG) S+abcefgsD 
AD 1 Yes S(ABCDEFG) S+bcefgsAD 
BO 1 Yes S(ABCDEFG) S+acefgsBD 
E (Concentration) 1 Yes S(ABCDEFG) S+abcdfgsE 
AE 1 Yes S(ABCDEFG) S+bcdfgsAE 
F (Solvent) 1 Yes S(ABCDEFG) S+abcdegsF 
AF 1 Yes S(ABCDEFG) S+bcdegsAF 
G (H20/Solvent) 1 Yes S(ABCDEFG) S+abcdefsG 
S(ABCDEFG) 2 No S 
Note: Expected Mean Squares are for the balanced cell-frequency case. 
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E:\NCSS60\REPORTS\E4D%CA.SO 
13:21 :34 06-17-1998 
% Carbon 
Analysis of Variance Table 
Source Sum of Mean Prob 
Term OF Squares Square F-Ratio Level 
A (Temperature) 1 1.470156 1.470156 49.57 0.019582* 
B (Catalyst) 1 0.8977563 0.8977563 30.27 0.031482* 
AB 1 0.4389063 0.4389063 14.80 0.061410 
C (Pretreat) 1 0.09150625 0.09150625 3.09 0.221071 
AC 1 0.06125625 0.06125625 2.07 0.287216 
D (Time) 1 0.6440063 0.6440063 21 .72 0.043095* 
AD 1 0.9360563 0.9360563 31 .56 0.030252* 
BD 1 0.1387562 0.1387562 4.68 0.163014 
E (Concentration) 1 0.4000562 0.4000562 13.49 0.066789 
AE 1 0.3335063 0.3335063 11 .25 0.078584 
F (Solvent) 1 0.8145062 0.8145062 27.46 0.034535* 
AF 1 0.05175625 0.05175625 1.75 0.317370 
G (H20/Solvent) 1 0.2185563 0.2185563 7.37 0.113126 
s 2 0.0593125 0.02965625 
Total (Adjusted) 15 6.556094 
Total 16 
*Tenn significant at alpha= 0.05 
Means and Standard Error Section 
Standard 
Term Count Mean Error 
All 16 2.430625 
A: Temperature 
25 8 2.1275 0.0608854 
81 8 2.73375 0.0608854 
B: Catalyst 
no 8 2.19375 0.0608854 
yes 8 2.6675 0.0608854 
C: Pretreat 
dry 8 2.355 0.0608854 
wet 8 2.50625 0.0608854 
D: Time 
1 8 2.23 0.0608854 
5 8 2.63125 0.0608854 
E: Concentration 
2.5 8 2.2725 0.0608854 
25 8 2.58875 0.0608854 
F: Solvent 
acetonitrile 8 2.205 0.0608854 
cyclohexane 8 2.65625 0.0608854 
G: H20/Solvent 
dry 8 2.5475 0.0608854 
wet 8 2.31375 0.0608854 
AB: Temperature.Catalyst 
25,no 4 1.725 8.610495E..Q2 
25,yes 4 2.53 8.610495E-02 
81 ,no 4 2.6625 8.610495E-02 
81 ,yes 4 2.805 8.610495E-02 
AC: Temperature,Pretreat 
Power 
{Alpha=0.05) 
0.480801 
0.343107 
0.206789 
0.085062 
0.073617 
0.270907 
0.353365 
0.102656 
0.194023 
0.171676 
0.320244 
0.069993 
0.131607 
37 
25,dry 4 1.99 8.610495E-02 
25,wet 4 2.265 8.610495E-02 
81,dry 4 2.72 8.610495E-02 
81 ,wet 4 2.7475 8.610495E-02 
AD: Temperature, Time 
25,1 4 1.685 8.610495E-02 
25,5 4 2.57 8.610495E-02 
81,1 4 2.775 8.610495E-02 
81,5 4 2.6925 8.610495E-02 
BO: Catalyst, Time 
no,1 4 1.9 8.610495E-02 
no,5 4 2.4875 8.610495E-02 
yes,1 4 2.56 8.610495E-02 
yes,5 4 2.775 8.610495E-02 
AE: Temperature.Concentration 
25,2.5 4 1.825 8.610495E-02 
25,25 4 2.43 8.610495E-02 
81 ,2.5 4 2.72 8.610495E-02 
81,25 4 2.7475 8.610495E-02 
AF: Temperature.Solvent 
25,acetonitrile 4 1.845 8.610495E-02 
25,cyclohexane 4 2.41 8.610495E-02 
81 ,acetonitrile 4 2.565 8.610495E-02 
81,cyclohexane 4 2.9025 8. 610495E-02 
38 
Analysis of Variance Report 
Page 3 
Database E:\NCSS60\REPORTS\E4D%CA.SO 
Time/Date 13:21:35 06-17-1998 
Response % Carbon 
Plots Section 
Means of % Carbon Means of % Carbon 
"' "' .., 1 ..; 
"! 
N 0 ~ 0 
c: c: 
0 ~ 0 e 0 0 0 .. .. 
0 N 0 N 
.,. .,. 
!1 !1 
"' "' 0 -r-- -- --,-----1 0 
25 81 no yes 
Temperature Catalyst 
Means of % Carbon Means of % Carbon 
"' "' .., .., 
.. "! 
"' 
N 0 0 
c: 0 ~ 0 0 e ~ 0 .. .. 0 0 N 
.,. 
* 
:l .., .: 
~ + --, ~ 
«y "'81 s 
Pretreat lime 
Means of% Carbon Means of % Carbon 
..., 
"' ..; ..; 
.. .. 
N 0 N 0 
c: 0 ~ ~ 0 
.. :;i .. ~ 0 0 
* 
.,. 
:l !1 
"' 0 "' 0 
2.5 25 8CelDl"itril8 cyebhexane 
Concentration Solvent 
39 
Page 
Database 
Time/Date 
Response 
Analysis of Variance Report 
4 
E:\NCSS60\REPORTS\E4D%CA.SO 
13:21 :35 06-17-1998 
% Carbon 
Means of% Carbon Means of% Carbon 
"' .., 
0 
H20/Sotvent 
Means of% Carbon 
25 81 
Temperature 
Means of% Carbon 
no yea 
Catalyst 
0 
wet 
Pre!reat 
0 dry 
A wet 
Time 
0 1 
A 5 
"' J 0 N 
.,. 
"! 
"' 0 
"' ..
"Cl 
"' 
c 
~ 0 
.. . 
0 N 
.,. 
"! 
"' 0 
c: 
~ 0 .. . 
0 N 
.,. 
/ 
25 81 
Tern perature 
Means of % Carbon 
25 81 
Tempereture 
Means of% Carbon 
25 81 
Temperature 
Catalyst 
0 no 
A yes 
Time 
0 1 
A 5 
Concentration 
0 2.5 
A 25 
40 
Page 
Database 
Time/Date 
Response 
Means of % Carbon 
25 81 
T em perawre 
Analysis of Variance Report 
5 
E:\NCSS60\REPORTS\E4D%CA.SO 
13:21 :35 06-17-1998 
% Carbon 
Solvent 
0 acetonitrile 
• cyclohexane 
41 
References 
(1) Kim, S., Jang, J., & Kim, 0. (1998). The Rheological Properties Optimization of 
Fumed Silica Dispersions Using Statistical Experimental Design and Taguchi Method. 
Polymer Testing.17(4), 225-235. 
(2) Hong, L., & Ruckenstein, E. (1993). Fumed Silica as Stabilizer of Precursor 
Emulsions Used to Prepare Polymer Latexes. Journal of Applied Polymer Science, 48, 
1773-1780. 
(3) Grace, A., Low, I. M., & Pillai, X. M. (1995). Synthesis and properties of mullite 
eramics derived from fumed silica and various aluminas. Journal of Materials Science 
Letters, 14, 1310-1313. 
(4) Landry, C. J. T., Coltrain, B.K., & Landry, M.R. (1993). Poly(vinyl acetate)/Silica 
Filled Materials: Material properties of in Situ vs. Fumed Silica Particles. 
Macromolecules, 26, 3702-3712. 
(5) Zumbrum, M.A. (1994). Acid/Base Properties of Fumed Silica Fillers Used in 
Silicone Elastomers. Journal of Adhesion, 45, 181- 196. 
(6) Cochrane, H., & Lin, C. S. (1993). The Influence of Fumed Silica Properties on the 
Processing, Curling, and Reinforcement Properties of Silicone Rubber. Rubber 
Chemistry and Technology, 66, 48-60. 
(7) Wang, J., & Naser, N. (1994). Improved Performance of Carbon Paste 
Amperometric Bio sensors through the Incorporation of Fumed Silica. Electroanalysis, 
571-575. 
(8) Kinkel, J. N., & Unger, K. K. (1984). Role of Solvent and Base in the Silylation 
Reaction ofSilicas for Reversed-Phase High-Performance Liquid Chromatography. 
Journal of Chromatography, 316, 195-200. 
(9) Van Der Voort, P., & Vansant, E. F. (1996). Silylation of the Silica Surface: A 
Review. Journal ofLiguid Chromatography & Related Technology, 19, 2723-2752. 
(10) Liu, C. C., & Maciel, G. E. (1996). The Fumed Silica Surface: A Study by NMR. 
Journal of the American Chemical Society, 118, 5103-5119. 
(11) Slavov, S. V., Chuang, K. T., & Sanger, A. R (1996). Modification of the Surfaces 
of Silica, Silica-Alumina, and Aluminum Silicate with Chlorotrimethylsilane. Journal of 
Physical Chemistry, 100, 16285-16292. 
(12) Sudo, Yoshihisa (1996). End-capping of Octadecylsilylated Silica Gels by High-
Temperature Silylation. Journal of Chromatography A, 737, 139-147. 
(13) Blitz, J.P., Shreedhara Murthy, R. S., & Leyden, D. E. (1998). The Role of Amine 
Structure on Catalytic Activity for Silylation Reactions with Cab-0-Sil. Journal of 
Colloid and Interface Science. 126, 387-392. 
(14) Lor~ K. D., & Unger, K. K. (1986). Role of the Functional Group inn-
Octyldimethylsilanes in the Synthesis of C8 Reversed-Phase Silica Packings for High 
Performance Liquid Chromatography. Journal of Chromatography. 352, 199-211. 
(15) Blitz, J.P., Shreedhara Murthy, R. S., & Leyden, D. E. (1988). Studies ofSilylation 
of Cab-0-Sil with Methoxymethylsilanes by Diffuse Reflectance FfIR Spectroscopy. 
Journal of Colloid and Interface Science. 121, 63-70. 
(16) Lochrniiller, C. H. , & Kersey, M. T. (1988). Effect ofThermal Pretreatment on the 
Surface Reactivity of Amorphous Silica. Langmuir. 4, 572-578. 
(17) Lochmiiller, C. H. , & Marshall, D. B. (1982). The Effect of End-Capping Reagent 
on Liquid Chromatographic Performance. Analytica Chimica Acta, 142, 63-72. 
(18) Box, G. E. P., Hunter, W. G., & Hunter, J. S. (1978). Statistics for Experimenters: 
An Introduction to Design. Data Analysis. and Model Building. New York: John Wiley 
& Sons. 
(19) Mendenhall, W., McClave, J. T., & Ramey, M. (1977). Statistics for Psychology, 
2°d ed. North Scituate, Mass.: Duxbury Press. 
(20) Cox, C. P. (1987). A Handbook oflntroductory Statistical Methods. New York: 
John Wiley & Sons. 
(21) Gaito, J. (1973). Introduction to Analysis ofVariance Procedures. New York: 
MSS Information Corp. 
(22) Hicks, C. R. (1993). Fundamental Concepts in the Design of Experiments, 4th ed. 
Chicago: Saunders College Publishing. 
(23) Johnson, P. 0. (1949). Statistical Methods in Research. New York: Prentice-Hall, 
Inc. 
(24) Wesolowsky, G. 0. (1976). Multiple Regression and Analysis of Variance: an 
introduction for computer users in management and economics. New York: John Wiley 
& Sons. 
(25) Dorsey, J. G., & Cooper, W. T. (1994). Retention Mechanisms of Bonded-Phase 
Liquid Chromatography. Analytical Chemistry. 66, 857-867. 
(26) Luo, W., Liu, H., & Deng, J. (1997). Biosensing of Hydrogen Peroxide at Carbon 
Paste Electrode Incorporating N-Methyl Phenazine Methosulphate, Fumed-Silica, and 
Horseradish Peroxide. Analytical Letters. 30 (2), 205-220. 
(27) Plueddemann, E. P. (1982). Silane Coupling Agents. New York: Plenum Press. 
(28) Rocha, R. F., Rosatto, S. S., Bruno, R. E., & Kubota, L. T. (1997). Factorial Design 
Optimization ofRedox Properties of Methylene Blue Adsorbed on a Modified Silica Gel 
Surface. Journal of Electroanalytical Chemistry, 433, 73-76. 
(29) Smith, W. F., Jr. (1996, February). Mixture Experiments Hold the Keys to 
Formulation. Today's Chemist at Wor& 18-24. 
(30) Sudo, Yoshihisa (1997). Optimization of End-capping ofOctadecylsilylated Silica 
Gels by High-Temperature Silylation. Journal of Chromatography A. 757, 21-28. 
